Study on transcription factors c-Jun and STAT from Litopenaeus vannamei during WSSV infection by 姚德福
   
学校编码：10384                               分类号      密级        
学号：21620130154140                                     UDC        
                
 
 博 士  学  位  论  文 
                                       
凡纳滨对虾转录因子 c-Jun和 STAT在
WSSV感染过程中的功能研究 
Study on transcription factors c-Jun and STAT from 




指导教师姓名：徐 洵  教授 
专  业 名 称：生物化学与分子生物学 
论文提交日期：2016 年 04 月 
论文答辩时间：2016 年 05 月 
学位授予日期：2016 年    月 
  
答辩委员会主席：           
评    阅    人：           
 



















另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的



































（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 







                             声明人（签名）： 
































4 对虾细胞信号转导通路研究进展 ................................................ 18 
4.1 Integrin-FAK通路 ................................................................................... 18 
4.2 未折叠蛋白反应信号通路..................................................................... 19 
4.3 PI3K-Akt 通路 ........................................................................................ 20 
4.4 NF-κB通路 ............................................................................................. 21 
4.5 MAPK 通路 ............................................................................................ 21 
5 AP-1转录因子研究进展 ................................................................ 23 
5.1 AP-1组成及结构特点 ............................................................................ 23 
5.2 AP-1活性调控 ........................................................................................ 24 
5.3 AP-1生理功能 ........................................................................................ 25 
6 STAT转录因子研究进展 .............................................................. 27 
6.1 STAT组成及结构特点 ........................................................................... 27 
6.2 STAT 活性调控 ...................................................................................... 28 
6.3 STAT与病毒感染关系研究 ................................................................... 29 
7 本研究的内容，目的及意义 ........................................................ 30 
第一章 凡纳滨对虾 c-Jun在WSSV感染过程中功能研究 ...... 32 
1引言.................................................................................................. 32 


















3 结果与分析 .................................................................................... 47 
3.1 凡纳滨对虾 Lvc-Jun基因克隆 ............................................................. 47 
3.2 Lvc-Jun序列分析 ................................................................................... 48 
3.3 Lvc-Jun组织分布分析 ........................................................................... 51 
3.3 Lvc-Jun在 High five细胞中表达和细胞定位 ...................................... 51 
3.4 Lvc-Jun自身相互作用 ........................................................................... 53 
3.5 Lvc-Jun磷酸化位点分析 ....................................................................... 54 
3.6 JNK抑制剂 SP600125对 Lvc-Jun 磷酸化的影响 ............................... 55 
3.7 Lvc-Jun在WSSV感染后转录水平变化分析 ...................................... 56 
3.8 Lvc-Jun在WSSV感染后磷酸化水平变化分析 .................................. 57 
3.9 TPA对WSSV感染的影响 .................................................................... 58 
3.10 Lvc-Jun对WSSV极早期基因 ie1启动子激活研究 ......................... 59 
4 讨论................................................................................................. 65 
5展望.................................................................................................. 66 
第二章 凡纳滨对虾 STAT在WSSV感染过程中功能研究 ..... 67 
1引言.................................................................................................. 67 
2 材料和方法 .................................................................................... 68 
2.1 实验材料................................................................................................. 68 
2.2 实验方法................................................................................................. 70 
3 结果与分析 .................................................................................... 74 
3.1 凡纳滨对虾 LvSTAT序列分析 ............................................................. 74 
3.2 WSSV IE1与 LvSTAT相互作用 ........................................................... 77 
3.3 IE1蛋白中介导与 LvSTAT相互作用的区域鉴定 ............................... 79 
3.4 LvSTAT蛋白中介导与 IE1相互作用的区域鉴定 ............................... 80 
3.5 IE1对 LvSTAT磷酸化的影响 ............................................................... 83 
3.6 IE1对 LvSTAT细胞内定位的影响 ....................................................... 84 
3.7 LvSTAT对病毒极早期基因 ie1和 wsv051启动子调控研究.............. 85 




















附录 B 常用溶液和培养基配制 ................................................. 102 
附录 C 常规实验方法 ................................................................. 105 
附录 D 相关载体信息 ................................................................. 109 



































Chinese Abstract .............................................................................. 1 
English Abstract .............................................................................. 2 
Introduction ..................................................................................... 4 
1 Current status of Litopenaeus vannamei culture .......................... 4 
2 Research progress on WSSV .......................................................... 5 
2.1Research on viral structural proteins ........................................................... 5 
2.2 Research on viral ubiquitination proteins .................................................. 7 
2.3 Research on viral immediate early proteins ............................................... 8 
3 Research progress on shrimp immunity ...................................... 10 
3.1 Immune recognition ................................................................................. 10 
3.2 Humoral immunity ................................................................................... 11 
3.3 Cellular immunity .................................................................................... 13 
4 Research progress on shrimp signal transduction pathways .... 18 
4.1 Integrin-FAK pathway ............................................................................. 18 
4.2 Unfolded protein response pathway ......................................................... 19 
4.3 PI3K-Akt pathway ................................................................................... 20 
4.4 NF-κB pathway ........................................................................................ 21 
4.5 MAPK pathway ....................................................................................... 21 
5 Research progress on transcription factor AP-1 ........................ 23 
5.1 The components and structural featrures of AP-1 .................................... 23 
5.2 The activity regualtion of AP-1 ................................................................ 24 
5.3 The physiological roles of AP-1 .............................................................. 25 
6 Research progress on transcription factor STAT ...................... 27 
6.1 The components and structural featrures of STAT ................................... 27 
6.2 The activity regualtion of STAT ............................................................... 28 
6.3 Research on the relationship between STAT and viral infection ............. 29 
7 Purpose and significance of this study ......................................... 30 
Chapter 1 Study on c-Jun from L.vannamei during WSSV 
infection .......................................................................................... 32 
















2 Materials and methods .................................................................. 33 
2.1 Materials .................................................................................................. 33 
2.2 Methods.................................................................................................... 36 
3 Results and analysis ....................................................................... 47 
3.1 Cloning of Lvc-Jun .................................................................................. 47 
3.2 Sequence analysis of Lvc-Jun .................................................................. 48 
3.3 Tissue distribution of Lvc-Jun ................................................................. 51 
3.3 Expression and cellular localization of Lvc-Jun in High five cells ......... 52 
3.4 Self-interaction of Lvc-Jun ...................................................................... 53 
3.5 Phosphorylation sites analysis of Lvc-Jun ............................................... 54 
3.6 Effect of JNK inhibitor SP600125 on Lvc-Jun phosphorylation ............. 55 
3.7 Transcriptional profile of Lvc-Jun after WSSV challenge ....................... 56 
3.8 Phosphorylation profile of Lvc-Jun after WSSV infection ...................... 57 
3.9 Effect of TPA on WSSV infection ........................................................... 58 
3.10 Study on the regualtion of viral ie1 promoter by Lvc-Jun ..................... 59 
4 Discussion ....................................................................................... 65 
5 Perspective ...................................................................................... 66 
Chapter 2 Study on STAT from L.vannamei during WSSV 
infection .......................................................................................... 67 
1 Introduction .................................................................................... 67 
2 Materials and methods .................................................................. 68 
2.1 Materials .................................................................................................. 68 
2.2 Methods.................................................................................................... 70 
3 Results and analysis ....................................................................... 74 
3.1 Sequence analysis of LvSTAT ................................................................. 74 
3.2 Interaction betwenn WSSV IE1 and LvSTAT ......................................... 77 
3.3 Identification of LvSTAT binding regions in IE1 .................................... 79 
3.4 Mapping of the LvSTAT domains required for binding to IE1 ................ 80 
3.5 Effects of IE1 on LvSTAT phosphorylation ............................................. 83 
3.6 Effects of IE1 on LvSTAT cellular localization ....................................... 84 
3.7 Study on the regualtion of viral ie1 and wsv051 promoter by LvSTAT .. 85 
3.8 Role of IE1 in the LvSTAT-induced activation of viral ie1 and wsv051 
promoter ......................................................................................................... 87 
















5 Perspective ...................................................................................... 89 
Reference ........................................................................................ 90 
Appendix A Instruments ............................................................. 100 
Appendix B Regular solution ..................................................... 102 
Appendix C Routine methods ..................................................... 105 
Appendix D Vector information ................................................. 109 





















凡纳滨对虾 (Litopenaeus vannamei) 是我国对虾养殖业的主要品种。然而，
病害问题一直困扰着该产业的健康发展。其中白斑综合症病毒  (white spot 
syndrome virus, WSSV) 是对虾的主要病原体，给对虾产业造成了巨大的经济损
失。截止目前，对 WSSV 还缺乏有效的治疗方法。因此，研究宿主病毒相互作
用机制，对寻找阻断病毒感染的靶点具有重要意义。 
c-Jun 是 JNK 信号通路下游主要底物分子，参与调控了许多基因的转录。本
实验室先前研究表明，凡纳滨对虾 JNK 被 WSSV 利用，辅助病毒复制和基因的
表达。本文中，我们从凡纳滨对虾中克隆了 c-Jun 同源基因（命名为 Lvc-Jun），
并对其分子特征以及在 WSSV 感染过程中的作用机制进行了研究。结果表明，
Lvc-Jun 定位于细胞核内且可以自身相互作用，其活性受 JNK 磷酸化调控。在
WSSV 感染后，Lvc-Jun 转录水平发生显著上调，同时伴随着其蛋白水平和磷酸
化水平的显著上升。此外，在螯虾血细胞中，TPA 作为 c-Jun 诱导剂，可促进病
毒极早期基因 ie1 的转录。进一步研究发现，Lvc-Jun 可通过 ie1 基因启动子上
AP-1 结合位点激活 ie1 的转录。以上结果表明，对虾 Lvc-Jun 在病毒感染过程中
被激活，并且其作为 JNK 下游效应分子，参与调控了 WSSV 的感染。 
STAT 是细胞一类非常重要的转录因子家族，参与调控细胞生长分化、凋亡
以及免疫反应等许多细胞过程。许多研究表明，病毒通常会调控和利用 STAT 来
辅助自身的感染。本研究中，我们发现，WSSV 极早期蛋白 IE1 可以与 LvSTAT
相互作用，进而诱导 LvSTAT 磷酸化和入核。随后研究证实，IE1 通过其 C 端结
构域 (81-188aa) 与 LvSTAT N 端结构域结合。此外启动子报告基因实验发现，
LvSTAT 可通过 ie1 和 wsv051 启动子区 STAT 结合位点诱导 ie1 和 wsv051 的转
录。最后研究发现，IE1 可以促进 LvSTAT 的转录激活活性，诱导 STAT 活化来
增强病毒极早期基因 ie1 和 wsv051 的转录。 
综上，本文初步阐明了凡纳滨对虾转录因子 c-Jun 和 STAT 在 WSSV 感染过




















Litopenaeus vannamei is the main species of the farmed shrimp in China. 
However, diseases casused by various pathogens have restricted the healthy 
development of shrimp aquaculture. Of these, white spot syndrome virus (WSSV) is a 
major pathogen of shrimp and has led to a huge economic loss. To date, there is no 
available method to control the WSSV. Therefore, it is of great significance to 
investigate the host-virus interaction mechnisms, which can provide clues to seek the 
targets of blocking WSSV infection. 
c-Jun, a major downstream substrate of JNK signal pathway, is involved in 
regulating the transcription of numerous genes. In our previous studies, it was shown 
that L.vannamei JNK was utilized by WSSV to facilitate viral replication and gene 
expression. In this article, we cloned a c-Jun homolog from L.vannamei (designated 
as Lvc-Jun), and analyzed its molecular signature and explored its roles in WSSV 
infection. Our results found that Lvc-Jun was located in the cell nucleus through 
self-interaction and regulated by JNK through phosphorylation. After WSSV infection, 
the transcriptional levels of Lvc-Jun were significantly up-regulated, associating with 
the raising expression and phosphorylation of its protein. In addition, TPA, an inducer 
of c-Jun, could remarkably promote the transcription of viral immediate-early gene 
ie1 in crayfish hemocytes. Further studies demonstrated that Lvc-Jun could activate 
the transcription of ie1 through the AP-1 binding site in its promoter. Conclusively, 
our results revealed that shrimp Lvc-Jun was activated after WSSV infection and 
participated in regulating WSSV infection as a downstream effector of JNK. 
STAT is a family of transcription factors that regulate a cascade of cellular 
processes including cell growth, differentiation, apoptosis and immune responses. 
Numerous studies suggested that virues usually manipulated and utilized the host 
STAT to assist in viral infection. In this study, we identified that WSSV 
immediate-early protein IE1 interacted with L.vannamei STAT (LvSTAT) and then 
induced its phosphorylation and nuclear translocation. It is then demonstrated that IE1 

















region (81-188 amino acids). Furthermore, the promoter reporter experiment showed 
that LvSTAT could induce the transcription of the vrial ie1 and wsv051 through the 
STAT binding sites in promoters. It was finally found that IE1 could promote the 
transcriptional activation activity of LvSTAT, and augment the transcription of ie1 and 
wsv051. 
In sum, our results preliminarily elucidated the function of L.vannamei c-Jun 
and STAT transcription factor during WSSV infection, which will provide new clues 
and theoretical foundation for developing the potential method to WSSV prevention. 
 


































于节肢动物门 (Arthropoda)、甲壳动物亚门 (Crustacea)、软甲纲 (Malacostraca)、







占绝对优势的品种。2012 年我国凡纳滨对虾产量高达 145 万吨，占对虾养殖总








综合症病毒 (White spot syndrome virus, WSSV)，黄头病毒 (Yellow head virus, 
YHV)，桃拉病毒 (Taura syndrome virus, TSV) 和传染性皮下造血组织坏死病毒



































白斑综合症病毒结构主要由囊膜 (envelop)、核衣壳 (nucleocapsid ) 以及两
者之间的被膜层 (tegument) 构成。因此病毒结构蛋白也大致分为三类：膜蛋白、
核衣壳蛋白和被膜蛋白。到目前为止，通过蛋白质测序和质谱等技术已鉴定出超
过 40 个病毒结构蛋白[16-19]。在这些结构蛋白中，VP28、VP19、VP26 和 VP24
在病毒粒子中丰度较高，是病毒的主要结构蛋白，其中 VP28 和 VP19 属于病毒
膜蛋白，而 VP24 和 VP26 属于被膜蛋白。已有研究表明，这四个病毒蛋白在病
毒粒子装配过程中发挥着重要作用。VP28 可以分别与 VP26、VP24 以及 VP19
发生相互作用，同时 VP24 与 VP26、VP19 也存在着相互作用[18,20,21]，推测 WSSV
可能是通过这四个主要结构蛋白之间复杂的相互作用形成病毒囊膜基本骨架。在
此基础上，VP24、VP26 或 VP19 还可以通过蛋白质间相互作用募集一些低丰度























                    图 1 WSSV 囊膜组装示意图[29] 




VP28 多克隆抗体可以中和 WSSV 病毒粒子，延缓病毒对宿主的感染进程，暗示
VP28 在病毒侵染过程具有重要作用[30]；进一步研究发现 VP28 能够与对虾细胞
表面膜结合蛋白 PmRab7 结合，从而介导病毒粒子与对虾细胞表面结合，帮助病
毒进入宿主细胞内[31,32]。同样地，VP24 也参与了病毒感染初期的入侵过程。对
虾消化道是 WSSV 侵染的主要场所，而几丁质是消化道重要组成成分；Li 等研
























蛋白质降解。其大致过程是：泛素分子首先在 ATP 供能的条件下被 E1 泛素化激
酶活化，并结合到 E1 半胱氨酸活性位点；其后在 E2 泛素化结合酶的作用下，
将泛素分子从 E1 转移到 E2 上；最后由 E3 泛素化连接酶将泛素分子连接至蛋白
质底物；泛素化后的蛋白质运输至细胞内 26S 蛋白酶体进行降解[35]。许多证据
表明，病毒常会通过编码相应的泛素化相关酶类调控宿主细胞蛋白质降解来为自
身复制、增殖服务[36]。在 WSSV 中，有 4 个蛋白 (WSSV199, WSSV222, WSSV249, 
WSSV403) 包含有 E3 泛素化连接酶所特有的 RING-H2 结构域。目前已证明，
WSSV249，WSSV403 和 WSSV222 具有 E3 泛素化连接酶活性，推测这些病毒
蛋白可能通过介导泛素化调节宿主细胞功能。 
    Wang 等研究发现，WSSV249 可以与对虾泛素化结合酶 PvUbc 结合[37]。体
外泛素化分析表明，WSSV249 可以在 E1 和 PvUbc 的存在下介导泛素化，并且
RING-H2 结构域是 WSSV249 发挥泛素化活性所必需的；病毒感染和原位杂交实
验显示，WSSV249 和 PvUbc 两者的表达水平在病毒感染过程中都呈上升趋势，
且具有类似的表达模式，推测 WSSV249 可能通过控制对虾 PvUbc 蛋白行使其
E3 泛素化连接酶的功能；此外，WSSV249 作为 E3 泛素化连接酶，其对 E2 泛
素化结合酶的选择特异性较低，能够利用人类商品化的 UbcH1、UbcH2、UbcH5a、
UbcH5b、UbcH5c、UbcH6 以及 UbcH10 等 E2 泛素化结合酶介导泛素化。 
同样，WSSV403 作为一个 WSSV E3 泛素化连接酶，对 E2 泛素化结合酶的
选择特异性也较低，并且可以在对虾 E2 泛素化结合酶 PvUbc 存在的情况下介导
自身泛素化的发生[38]。随后，研究人员在商业化无特定病原体的对虾中检测到
了 WSSV403 的转录，说明 WSSV403 可能与病毒潜伏感染有关。同时，酵母双
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